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Description 



[METHODOLOGY FOR PLACEMENT 
BASED ON CIRCUIT FUNCTION AND 
LATCHUP SENSITIVITY] 

Background of Invention 
[0001] Field of the Invention 

[0002] The invention relates to integrated circuits, and more par- 
ticularly to a method and structure for optimizing latchup 
robustness in integrated circuits. 

[0003] Background Description 

[0004] As electronic components are becoming smaller and 
smaller along with the internal structures in integrated 
circuits, it is becoming easier to either completely destroy 
or otherwise impair electronic components from latchup. 
Latchup is when a pnpn structure transitions from a low 
current/high-voltage state to a high current/low-voltage 
state through a negative resistance region (i.e., forming 
an S-Type l-V (current/voltage) characteristic). 



[0005] Latchup is typically understood as occurring within a pnpn 
structure, or silicon controlled rectifier (SCR) structure. In- 
terestingly enough, these pnpn structures can be inten- 
tionally designed, or even unintentionally formed between 
structures. Hence, latchup conditions can occur within pe- 
ripheral circuits or internal circuits, within one circuit 
(intracircuit) or between multiple circuits (intercircuit). 

[0006] Latchup is typically initiated by an equivalent circuit of a 
crosscoupled pnp and npn transistor. Parasitic npn and 
pnp transistors associated with an inverter, with a base 
and collector regions cross-coupled, current flows from 
one device leading to the initiation of the second 
("regenerative feedback"). These pnp and npn elements 
can be any diffusions or implanted regions of other circuit 
elements (e.g., P-channel MOSFETs, N-Channel MOSFETs, 
resistors, etc.) or actual pnp and npn bipolar transistors. 
In CMOS, the pnpn structure can be formed with a p- 
diffusion in an n-well, and an n-diffusion in a p-substrate 
(parasitic pnpn). In this case, the well and substrate re- 
gions are inherently involved in the latchup current ex- 
change between regions. 

[0007] The condition for triggering a latchup is a function of the 
current gain of the pnp and npn transistors, and the resis- 



tance between the emitter and the base regions. This in- 
herently involves the well and substrate regions. The like- 
lihood or sensitivity of a particular pnpn structure to 
latchup is a function of spacings (e.g., base width of the 
npn and base width of the pnp), bipolar current gain of 
the transistors, substrate sheet resistance and spacings 
(substrate resistance), the well sheet resistance and spac- 
ings (well resistance), and isolation regions. 
[0008] Latchup can be initiated from internal or external stimu- 
lus. For example, latchup is known to occur from single 
event upsets (SEU). Single event upsets can include terres- 
trial emissions from nuclear processes, and cosmic ray 
events, as well as events in space environments. Cosmic 
ray particles can include proton, and neutron, gamma 
events, as well as a number of particle types that enter the 
earth atmosphere. Terrestrial emissions from radioactive 
events, such as alpha particles, and other radioactive de- 
cay emissions can also lead to latchup in semiconductors. 
Also, latchup can occur from voltage or current pulses 

that occur on the power supply lines, such as V and V . 

K dd ss 

Transient pulses on power rails (e.g., substrate or wells) 
can trigger latchup processes, as well. 
[0009] Latchup can be initiated by negative transient on the V dd 



which can lead to a forward biasing of all the n-diffusions 
and nwell structures and electron injection throughout the 
semiconductor chip substrate. This produces a "sea of 
electrons"injected in the chip substrate. Equivalently, a 
positive transient on the V ss can lead to hole injection, 
and forward biasing of the substrate-well junction provid- 
ing a "sea of holes"event. Latchup can also occur from a 
stimulus to the well or substrate external to the region of 
the thyristor structure from minority carriers. 

[0010] | n internal circuits and peripheral circuitry, latchup are 

both a concern. Latchup can also occur as the result of in- 
teraction of the ESD (electro static discharge) device, the 
I/O off-chip driver and adjacent circuitry initiated in the 
substrate from overshoot and undershoot phenomenon. 
These can be generated by CMOS off-chip driver circuitry, 
receiver networks, and ESD devices. 

[° 011 ] In CMOS I/O circuitry, undershoot and overshoot can lead 
to injection in the substrate. Hence, both a p-channel 
MOSFET and n-channel MOSFET can lead to substrate in- 
jection. Simultaneous switching of circuitry where over- 
shoot or undershoot injection occurs, leads to injection 
into the substrate which leads to both noise injection and 
latchup conditions. Supporting elements in these circuits, 



such as pass transistors, resistor elements, test functions, 
over voltage dielectric limiting circuitry, bleed resistors, 
keeper networks and other elements can be present lead- 
ing to injection into the substrate. ESD elements con- 
nected to the input pad can also lead to latchup. ESD ele- 
ments that can lead to noise injection, and latchup include 
MOSFETs, pnpn SCR ESD structures, p+/n-well diodes, 
nwell-to-substrate diodes, n+ diffusion diodes, and other 
ESD circuits. ESD circuits can also contribute to noise in- 
jection into the substrate and latchup. 
[0012] | n a semiconductor chip environment, there exists a plu- 
rality of different stimulus as well a plurality of circuit 
functions. Peripheral circuits comprise, for example, ESD 
networks, transmitter and receiver networks, system 
clocks, phase lock loops, capacitors, decoupling capaci- 
tors and fill shapes. Internal circuits can consist of DRAM 
memory, SRAM memory, gate arrays, and logic circuitry. In 
this complex environment, the latchup event can be an in- 
teraction of intercircuit interaction or intracircuit interac- 
tions. 

[0013] Additionally, the interaction of the different circuits can 

lead to an initiation of a primary latchup event followed by 
a secondary latchup event. Since the circuits in a complex 



chip are coupled through the substrate, well, and power 
rails, circuit blocks and elements within a circuit block can 
be interactive. 

[0014] Moreover, latchup vulnerability is a function of the macro- 
scopic local temperature in a region where latchup occurs. 
Certain regions of a functional chip are hotter than others 
with a high local temperature. Regions of a chip where the 
chip is hotter are more likely to initiate latchup concerns. 
The reason this is true is that the parasitic bipolar gain in- 
creases with increased temperature. Additionally, the dif- 
fusion coefficient is a function of temperature leading to 
longer diffusion lengths in the region of higher tempera- 
tures in a semiconductor chip. 

[0015] For external latchup issues, there is two concerns. First 
the intrinsic latchup parasitic structure is more sensitive 
to the increased temperature leading to a higher risk of 
latchup. Second, the diffusion of minority carriers to the 
triggerable network is easier as the temperature increases 
as a result of the higher diffusion process. Hence it would 
be an advantage to place these hotter circuits farther from 
regions of overshoot and undershoot injection. 

[0016] Additionally, latchup is a higher risk in regions where the 
incoming voltage exceeds the native voltage. Regions of 



semiconductor chips that provide programmable NVRAM 
power pins which receive voltages that far exceed the na- 
tive voltage are sources for latchup concern. Mixed volt- 
age offchip driver circuits, mixed voltage ESD networks, 
mixed voltage receiver networks, mixed voltage ESD 
power clamps all have higher power supply voltages than 
the native power supply voltage of the chip. Placement of 
circuit blocks and circuit functions with a high density of 
pnpn devices, or weakly robust networks that are near the 
high voltage supply are more vulnerable to trigger latchup 
in a chip. 
Summary of Invention 

[0017] | n a fj rst aspect of the invention, a method comprises 

identifying element density of at least one functional cir- 
cuit block and element attributes of elements associated 
with the at least one functional circuit block. An element 
density function parameterized from the element at- 
tributes is formed. The placement of the at least one 
functional circuit block is modified relative to other func- 
tional circuit blocks based on the element density function 
to substantially eliminate latching effects in a circuit. 

[0018] | n another aspect of the invention, a method includes 
identifying element attributes within a functional circuit 



block and forming an element density function parame- 
terized from the element attributes. The functional circuit 
block is placed based on the element density function to 
substantially eliminate latching effects in a circuit. 

[0019] | n y e t another aspect of the invention, a method com- 
prises forming a layout representation in a function block 
and defining a mathematical graph representation of 
latchup parasitic in the function block. A latchup density 
function from the mathematical graph representation is 
provided. The function block in a semiconductor chip is 
then placed to minimize latchup based on the latchup 
density function. 

[0020] | n another aspect, the method includes identifying injec- 
tion source and elements associated with the at least one 
functional circuit block, evaluating global latchup of injec- 
tor to functional circuit block distance and functional cir- 
cuit block latchup, evaluating form factors and placement 
of the functional circuit block and determining whether 
there is a sufficient cost factor savings based on the form 
factors and placement of the functional circuit blocks. If 
there is not sufficient cost savings, then the method fur- 
ther includes modifying placement of the functional circuit 
block relative to other functional circuit blocks based on 



an element density function. 

[0021] | n a further aspect of the invention, an apparatus is pro- 
vided having a circuit schematic representation of a at 
least one type of transistor and at least one type of struc- 
ture. A design system defines the circuit schematic repre- 
sentation of the at least one type of transistor and one 
type of structure and a design system evaluates a circuit 
density and attributes of the at least one type of transistor 
and one type of structure. A design system places func- 
tional blocks based on latchup density based on the eval- 
uation of the circuit density and attributes. 

[0022] a computer program product is also provided. 

Brief Description of Drawings 
[0023] Figure 1 is a map of chip function organization; 

[0024] Figure 2 is a map of chip function circuit type within each 
functional grouping; 

[0025] Figure 3 is an example demonstrating the latchup be- 
tween adjacent functional blocks; 

[0026] Figure 4 illustrates the circuit schematic of a latchup 
structure; 

[0027] Figure 5 illustrates an embodiment of a graph model rep- 
resenting a structure of the latchup circuit apparatus 



highlighting the pnpn structure; 
[0028] Figure 6 illustrates an embodiment of a graph model rep- 
resenting a structure of the latchup circuit highlighting 
the coupling between a pnp structure and an npn struc- 
ture; 

[0029] Figure 7 is a mapping of pnp, npn and pnpn density in a 
functional block as a function of pnpn density (number) 
and strength; 

[0030] Figure 8 is a flowchart showing analysis of placement 
based on the pnpn density relative to injection sources, 
strength based on the functional block; and 

[0031] Figure 9 is a flowchart showing re-optimization of the 

chip functional block placement to optimize chip perfor- 
mance and minimize latchup sensitivity according to the 
invention. 
Detailed Description 

[0032] | n c hip design, latchup sensitivity involves the interaction 
between different circuit types and functional blocks. 
Thus, placement of certain functional blocks relative to 
others and a means of defining the placement provide an 
advantage in chip design. The invention relates to a 
method and structure for optimizing latchup robustness 
in integrated circuits by providing a design system and 



methodology that addresses the circuit type relative to 
another circuit type where latchup becomes a design 
placement criteria for not just local interaction but global 
interactions of one circuit block to another circuit block 
(as a result of the interactive nature of certain circuit 
function and sensitivity relative to another circuit func- 
tion). By way of example, the invention provides a 
method, apparatus and structure that predicts and im- 
proves the latchup tolerance by addressing: 
[0033] . global as well as local interactions; 

[0034] . the placement of certain circuit types and functional 
blocks relative to other functional blocks; 

[0035] . global and local temperature and the placement of cir- 
cuit types based on the power profile, and temperature 
distribution in a semiconductor chip; 

[0036] . placement of circuit types with voltages above the native 
voltage away from circuit function blocks with a high den- 
sity and sensitivity of pnpn circuits; 

[0037] . t he form factor of a circuit block to minimize the propa- 
gation of latchup across functional blocks to improve the 
latchup propagation into sensitive functional blocks; and 

[0038] . placement of circuit types with voltages above the native 
voltage, temperature distribution, circuit function block 



density and sensitivity of pnpn circuits, and co-optimize 
to improve the latchup in a semiconductor chip. 

[0039] As such, the invention is capable of predicting latchup 

within a circuit function and between circuit functions in a 
complex semiconductor chip and thus improving perfor- 
mance by eliminating latchup conditions. 

[0040] Referring now to the drawings, Figure 1 is a map of chip 
function organization. Semiconductor chips consist of 
functional blocks of circuit types. In a chip design there 
are, for example, DRAM arrays 100, SRAM arrays 105, de- 
coupling capacitors 110, ESD input networks 115, gate 
array logic regions 120, an I/O 125 and other circuit func- 
tions such as, for example, off-chip driver (OCD) banks, 
receiver banks, ESD power clamps, analog circuitry, cus- 
tom logic, voltage islands, wiring bays, fill shapes and 
other circuit function. Organization of these functional 
blocks are decided by wirability and performance. 

[0041] As should be well understood, each of these functional 
blocks have different voltage conditions, overshoot and 
undershoot characteristics, power profiles, and density of 
p-channel MOSFETs, and n-channel MOSFETs. For exam- 
ple, Table 1 provides a brief exemplary description of 
these conditions. 
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[0043] According to data, each type of functional block has a set 
of criteria that can be evaluated to determine the voltage, 
the power, the local temperature, the PFET density, the 
NFET density, the PNP parasitic density, the npn parasitic 
density, the pnpn parasitic density, and other parameters 
related to latchup optimization. In an actual chip design, 
these values can be obtained from a design system. For 
example, voltage value is important in that the circuit of 
interest in the functional block will be able to evaluate the 
voltage margin between the applied voltage and the para- 
sitic circuit holding voltage within that functional block. 

[0044] Temperature can be obtained from advanced tools that 
determine the power. For example, iEDISON, and other 
simulators can determine chip power and temperature and 
extract out a temperature field where the placement of the 
chip after an initial guess is defined. There are known 
tools that extract interconnect and substrate temperature 



profile in a full chip cross section. 

[0045] | n regions where the chip is hot, minority carriers will dif- 
fuse since 

[0046] D = ukT / q 

[0047] and 

[0048] L = (DT) 1/2 

[0049] d =- diffusion coefficient; 

[0050] u= mobility; 

[0051] k = Boltzmann constant; 

[0052] j - temperature; 

[0053] q = charge; 

[0054] l = diffusion length ; and 

[0055] x - recombination time. 

[0056] The diffusion of minority carriers extends the risk of 
latchup across a functional block. The propagation of 
latchup across functional blocks are also important to 
prevent migration of latchup and soft error disturbs from 
latchup injection physics from one block to another. 
Hence the form factor and its relation of the adjacent 



functional blocks and form factor of any functional block 
can be optimized to minimize latchup. 

[0057] n 0Wj pfet density can be obtained in a functional block 
from an extractor in the number of PFET instances in a 
functional block of a chip. Likewise, NFET density of a 
functional block can also be evaluated. The density of the 
PFET and NFET are key to the potential latchup distur- 
bances that can occur. PFET disturbs can influence the 
timing of some circuits from voltage overshoots. NFET 
disturbs occur from substrate undershoots. When the 
density of circuits that are PFETs are near a source of 
overshoot, circuit disturbs and forward bias pnp injection 
can occur. Hence, it is an advantage to have a design sys- 
tem where the PFET density of a given functional block is 
not near a source of overshoot. 

[0058] Likewise, when the density of circuits that are NFETs are 
near a source of undershoot, circuit disturbs and forward 
bias npn injection can occur. Hence, it is an advantage to 
have a design system where the NFET density of a given 
functional block is not near a source of undershoot. 

[0059] | n some circuit types, the circuit may contain only PFETs 
and no NFETs, or vice versa. In that case, no latchup can 
occur since no parasitic pnpn structures are evident. As a 



result, circuit functional blocks that do not form p-n-p-n 
pairs are not sensitive to latchup. Hence if an optimization 
is chosen to minimize latchup, the information of the 
pnpn pairs that are present may be important to under- 
standing whether the functional block is latchup sensitive. 
[0060] | n the case of a circuit group which has CMOS logic, PFET 
and NFET circuits are typically present to form CMOS in- 
verters. In this case, the density of PFETs, and the density 
of NFETs are high. Hence, the identification of PFET-NFET 
pairing, and p-n-p and n-p-n coupling forming a pnp-n 
may be important. These pnpn circuits are then sensitive 
to temperature, power, overshoot, undershoot, external 
sources, and injection mechanism (e.g., single event up- 
sets such as alpha particles, cosmic rays, muons, neutron, 
proton, and other events) . Injection from adjacent circuit 
functions can trigger these structures. In this case the 
knowledge of the pnpn pair density, pnpn "strength" or 
latchup resiliency, the orientation and form factor in the 
functional block and spatial density may be of interest to 
determine the propagation of latchup within a functional 
block. 

[0061] Modifying the placement of the functional block relative to 
other functional blocks and identification of the form fac- 



tor, and spatial densification or layout optimization in the 
functional block can influence the propagation of latchup 
throughout the chip. In the process of bit disturbs or soft 
latchup events, and substrate current injection, it is an 
advantage to provide circuits types that collect the charge 
as well as not propagating the charge transport. 
[0062] Decoupling capacitor elements are used as fill space or to 
simply add capacitance to the semiconductor chip. The 
decoupling capacitor circuit uses NFETs. These networks 
can bring higher than native voltage to the semiconductor 
chip dependent on which power supply they are being 
connected to in the circuit. Experimentally, it has been 
shown that decoupling capacitor banks or fill areas do not 
lead to the propagation of latchup in a semiconductor 
chip. Hence the placement of using a decoupling capacitor 
bank near an injecting source is good to avoid the propa- 
gation of latchup or soft latchup (disturbs). Decoupling 
capacitors will have a low density of npns, no pnp density, 
and hence no pnpn density. A design system and chip op- 
timization CAD system, as disclosed herein, chooses to 
place these elements about a semiconductor chip near an 
injection source, which provides advantages known to one 
of skill in the art. 



[0063] DRAM arrays utilizing a PFET pass transistor will have an 
n-well region holding the DRAM cells. The n-well will 
serve as a source to collect charge from an injection 
source. In this type of circuit, there is a high pnp density, 
no npn density value, and hence no pnpn structures. 
Hence, as a second example, the invention is capable of 
determining the placement of DRAM cells which are iso- 
lated from the substrate to avoid the propagation of 
latchup. 

[0064] SRAM cells utilize both a PFET and an NFET in close prox- 
imity. Like Gate-array or CMOS logic, this has a high pnp 
density, npn density and a very high pnpn density. As a 
result, SRAM should be moved away from injection 
sources to avoid latchup propagation, bit disturbs and 
soft latchup events, as can be determined with the inven- 
tion. 

[0065] Figure 2 is a map of chip function circuit type within each 
functional grouping. A floor plan of a chip is shown with 
the areas labeled for the functional blocks. Semiconductor 
chips consist of peripheral circuits, CMOS logic, decou- 
pling capacitor banks. The floor planning and adjacency of 
different functional blocks on a global level as well as a 
local level is key for external latchup events. The func- 



tional groupings represented in Figure 2 include, for ex- 
ample, 

[0066] . SRAM, PFETs and NFETs 200; 

[° 067 ] ■ Gate array, NFET, PFET 205; 

[0068] ■ I/O PFET NFET 210; 

[0069] ■ DRAM 215; 

[0070] . Decap Ca p, NFET 220; and 

[0071] ■ ESD diodes 225. 

[0072] Figure 3 is an example demonstrating the latchup be- 
tween adjacent functional blocks. It has been shown ex- 
perimentally that the effect can propagate from an ESD 
diode in peripheral cell, serving as the injector source, to 
an I/O bank. Factors that influence the latchup include, 
for example, 

[0073] . Orientation and placement of the injecting source; 

[0074] . Distance between the ESD element and adjacent region 

of high pnpn density; 
[0075] . Form factors of the functional blocks; and 

[0076] . Guard ring utilization between the functional blocks. 

[0077] a method that addresses both global effects for latchup 



propagation as well as local effects of the latchup strength 
is important for evaluation of latchup effects, as is dis- 
cussed throughout with relation to the invention. 
[0078] Figure 4 illustrates the circuit schematic of a latchup 

structure. Within C i is a pnp bipolar transistor and a re- 
sistor R . Within C is a npn transistor and resistor R . 

1 2 K 2 

[0079] Latchup structures can be identified by diffusions that ex- 
ist in the silicon substrate. For example, by using the in- 
vention, a graph model would address the following: 

[0080] . npn density - Number of npn per unit area; 

[0081] . NPN parameter strength (current gain); 
[0082] . pnp density - Number of pnp per unit area; 
[0083] . pnp parameter strength (pnp current gain); 

[0084] . Parameterization of the NPN density as a function of the 

strength parameters statistics; 
[0085] . Parameterization of the PNP density as a function of the 

strength parameters statistics; 
[0086] . pnpn density; and 

[0087] . pnpn parameter strength (Beta product (3 x 3 ) re- 

pnp npn 

lationship including substrate and well resistances). (3 

pnp 

is the bipolar current gain of the pnp transistor and 3 

np n 



is the bipolar current gain of the npn transistor.) 
[0088] Figure 5 illustrates an embodiment of a graph model rep- 
resenting a structure of the latchup circuit apparatus 
highlighting the pnpn structure in accordance with the in- 
vention. A latchup structure includes a p+ diffusion inside 
a n-well structure (500), a n-well region (505), a p sub- 
strate (510) and a n+ diffusion in a substrate (515). A lat- 
eral pnp transistor of Figure 4 within is formed be- 
tween the p+ shape, n-well, and the p substrate, 500, 
505 and 510. A lateral npn bipolar transistor of Figure 4 
within C 2 is formed between the n-well, the p- substrate 
and the n+ shape 505, 510 and 515. The base width of 
the pnp is the space between the p+/n-well junction, and 
the n-well/substrate junction. The npn base width is the 
space between the n-well/p- substrate edge and the 
n + /p- substrate junction edge. The well resistance is as- 
sociated with the distance from the n-well contact to the 
p+ diffusion in the n-well. The substrate resistance is as- 
sociated with the distance from the p-substrate contact 
and the n+ diffusion in the p-substrate. This may also ex- 
tend, in embodiments, to diodes, MOSFET p-channel de- 
vices, and bipolar elements. It is understood also that the 
n-type region in the substrate can be a diode, a well, a 



MOSFET n-channel device and bipolar elements. 

[0089] Figure 6 illustrates an embodiment of a graph model rep- 
resenting a structure of the latchup circuit apparatus 
highlighting the pnpn structure in accordance with the in- 
vention. A first representation of the circuit can be shown 
using a "circle"and "line"structure diagram representing a 
graph model of the pnpn structure. In this representation, 
four regions are created, where each region represents 
the information contained associated with the physical 
diffusions and corresponding shapes. Forming a p-n-p-n 
graph, it is possible to represent the schematic diagram of 
a pnpn structure. In the left hand side (LHS) 605, p shape 
represents the emitter of the pnp transistor diffusion. The 
LHS n shape represents the base of the pnp transistor. 
The right hand side (RHS) 605 p region represents the 
substrate. The RHS n region represents the n-diffusion. 
The line 610 connecting the circles represents the inter- 
action between the two circles and contains the corre- 
sponding attributes. 

[0090] First, in this graph, the line represents metallurgical junc- 
tions between the physical regions. Additionally parallel 
circuit elements exist as well in parallel with the physical 
junction. Hence in this graph representation, a well resis- 



tance exists between the LHS p-n region. Additionally, a 
substrate resistance exists between the RHS p-n region. 
Hence, in the LHS p-n region, the line attributes repre- 
sents the metallurgical junction, as well as the well resis- 
tor element. On the RHS p-n region, the line attribute rep- 
resents the metallurgical junction as well as the substrate 
resistor element. 

[0091] | n this graph theory representation, the circles also con- 
tain other attributes. The attributes can include, for ex- 
ample, power rail voltage and currents, d.c, voltage val- 
ues, transient voltage or current excursions. The at- 
tributes in this representation may also contain dimen- 
sional area, resistances and other parasitic circuit infor- 
mation. The parameters are extracted from simulators and 
the information is stored and associated with the at- 
tributes of the physical region. 

[0092] prom this graphical model, voltage or current stimulus 
that influence the potentials or current injections con- 
tained within the p-n-p-n regions influence the potentials 
and can lead to latchup initiation. Any type of latchup 
event, whether SEU (single event upsets), external latchup 
processes, voltage or current transient phenomenon can 
influence the dynamic response of this graph. For exam- 



pie, substrate injection influences the current observed in 
the LHS n circle 605 and the RHS p circle 610. From this 
model, a pnp as well as a npn can be identified. 

[0093] Figure 6 may also illustrate an embodiment of a graph 

model representing a structure of the latchup circuit high- 
lighting the coupling between a pnp structure and a npn 
structure. As a representation, the graph model can be re- 
garded as a first circle, pnp 605 and a second circle npn 
610 connected by a line 615. In this representation, the 
line 615 connecting the pnp and the npn circle regions 
605 and 610, respectively, represents the crosscoupling 
and regenerative feedback between the pnp and the npn. 
In this graph representation, the dimensional information, 
physics and process information are contained within the 
individual circle (605 or 610). Additionally, a physical cir- 
cuit device model of the pnp transistor and the npn tran- 
sistor may contain all the l-V information of the semicon- 
ductor device. In this graphical representation, the line or 
arc 615 represents the linkage between the two physical 
domain and coupling. This higher order representation 
contains all the device attributes and identifies the loca- 
tion of one device relative to another device. 

[0094] a s should be known, two important conditions exist for 



the latchup to occur. The pnp and the npn must be for- 
ward active. This means that the sum of the forward volt- 
ages must be greater than 1.2 volts, for example 
(although other voltages may apply). For this to occur, a 
voltage drop must occur across the well and substrate re- 
sistors of at least 0.6 V, for example. The second condi- 
tion is that regenerative feedback must occur. This re- 
quirement can be evaluated as a simple algorithm that the 
product of the pnp and the npn current gain is greater 
than unity, as should be known to one of ordinary skill in 
the art. A second algorithm or equation addresses in- 
jected current and the well and substrate resistance value. 
Additionally, the emitter resistances can also be included 
in the regenerative feedback condition. These parameters 
or attributes will be used for the evaluation of the 
"strength"of the npn devices or pnp devices or pnpn de- 
vices. 

[0095] Figure 7 is a mapping of pnp, npn and pnpn density in a 

functional block as a function of pnpn density (number) 

and strength parameter: 

[0096] . N (S) 
npn 

[0097] . N ( S ) 
pnp 



[0098] . N (S) 
pnpn 

[0099] | n this fashion, it is now possible to define a latchup den- 
sity functional, where the strength parameters will provide 
both a sensitivity parameter to latchup as well as the den- 
sity in a global system. In this example, using the function 
blocks of Figure 1, for example, the SRAM 105 includes: 

[0100] . N (500) 
npn 

[0101] . n (500) 
pnp 

[0102] . N (500) 
pnpn 

[0103] other examples are also shown in Figure 7. 

[0104] | n V j ew 0 f the above discussion, in the methodology of the 
invention, there exists a density of pnps and npns within a 
given functional block of circuits, as well as pnpn. Visu- 
ally, these can be defined as within the "area"of the func- 
tional block. There also exists the possibility that the pnp 
or the npn is formed on the perimeter between the func- 
tional blocks. Additionally, the pnp of one functional block 
device on the perimeter can be intercoupled with the npn 
of a second functional block. Hence, it is possible to de- 
fine "area" or volumetric density functions for the interior 
of the functional blocks and a "surface"density function on 



the perimeter. It is also possible to define these as inter- 
versus intra-functional block parasitic elements.The 
methodology of the invention can re-optimize the circuit 
to minimize the surface density function of pnpns, npns, 
and pnps by moving functional blocks to other locations, 
or space the functional blocks apart to reduce the cou- 
pling strength between these elements. The methodology 
can form a means to space these apart to either eliminate 
the density of these elements, or the F strength factors of 
these elements. 
[0105] | n the invention, the "area"placement and area density 

function is addressed first in the optimization, followed by 
the surface density relative to adjacent blocks. The density 
of the perimeter of npn, pnp can be defined within the 
block, and the density and corresponding strength factors 
are to be addressed after the placement of the functional 
blocks and adjacency is established. Spacing between 
these blocks can then be re-optimized to weaken the F 
parameters, or choose a new location for that functional 
block. 

[° 1 06] Latchup Condition and S trength Functional 

[0107] | n t he invention, Minimum Condition for Regenerative 
Feedback addresses the parasitic current gains and the 



well and substrate resistor elements in the latchup circuit. 
The parasitic current gains and resistors are extracted 
from known spacings, and physical parameters associated 
with the technology. 
[0108] P 3 >( | +| 3 ) /( | _| _| (p +1 ) /( P ) 

npn pnp DD RW npn DD RW RS npn npn 

) 

[0109] and 

[0110] (v ) > 0.7 

BE pnp 

[0111] (V ) > 0.7 

BE npn 

[0112] where 

[0113] I = (V ) / R 
RS BE pnp S 

[0114] | = (V ) / R 
RW BE npn W 

[011 5 ] R is the substrate resistor and R is the well resistor on 

s w 

an n-1 substrate wafer and a p-type well. I is current and 
B represents B x B The parameter I is the current 

pnp npn ^ DD 

that flows through the circuit in Figure 4 from the cop 

node of C to the bottom node of C .It should be under- 

1 2 

stood that the equations sets provided herein are applica- 
ble for an n-1 wafer but can be easily modified by those 
of skill in the art for a p-1 substrate wafer and an n-type 
well type well. 



[° 116 ] Substrate resistance is typically provided as in units of 

Ohm-cm which is designated as p. Substrate resistance is 
designated as R_ where the value is a function of the dis- 
tance between the n+ substrate contact and p+ diffusion 
of the circuit, and divided by a cross sectional area. 

[0117] R S =p(L/A) 

[0118] For the well resistor it is a function of the distance be- 
tween the p+well contact and the n+ diffusion of the cir- 
cuit, divided by the width of the contact. 

[0119] Rw (L/W) 
= p sh (Well) 

[0120] jo evaluate the magnitude of the latchup sensitivity of the 

specific circuit, it is possible to define a metric where: 
[0121] F = p p /[(I +l p )/(l -I -I (3 + 

^nprTpnp DD R\AT npn DD RW RS K npn 

Vtp ) ) ] 

npn 

[0122] prom this term, if F is less than 1, then latchup does not 
occur. If F is small (e.g., much less than 1) then it is a 
weak phenomenon. Using the magnitude of F, one can use 
this as a latchup margin metric. Again, one of skill in the 
art can modify these relations for the p- substrate case. 

[0123] if f > 1 then latchup will occur. If F >> 1 then the latchup 
sensitivity of the specific circuit is very high. This can be 
used a strength variable for a given pnpn structure in a 



given circuit for a fixed p+ to well space, n+ to well 
space, and a given substrate contact and given well con- 
tact spacing. 

[0 1 24] Density Functional 

[0125] a density functional can be created to evaluate the density 
of pnpn structures, pnp structures and npn structures. A 
function can be created that identifies the pnp, the npn 
and counts the number of these elements. 

[0 1 26] Counting pnp E lements 

[0127] jo count the number of the pnp elements, such can be 

determined by counting the number of design shapes that 
allows p+ dopant implants to enter the silicon inside the 
isolation openings for those contained inside the n well. 
For example, a block mask named BP over ROX (isolation 
opening) inside an n well shape (NW) will achieve a p+ 
diffusion. In this fashion, the number of pnp elements can 
be determined. The counting of independent BP shapes 
indicates the number of pnp elements. For each indepen- 
dent pnp, a pnp strength parameter can be evaluated 
similar to the above expression for the pnpn. This will be 
a function of the current gain of the pnp and the n-well 
contact. 



[0128] | n a CADENCE™ environment, the number of instances of 
a given p-cell can be counted. The pnp can be counted by 
evaluation of the type of p-cells and the number of those 
p-cells. For example, by evaluating the number of in- 
stances of the PFET device p-cell, it is possible to deter- 
mine the number of PFETs. To evaluate the density of 
these elements, the total number can be divided by the 
total area of that functional block of circuits. 

[01 29] Counting npn E lements 

[0130] jo count the number of the npn elements, the number of 
(isolation openings outside n-well) or isolations which are 
not can determine the number of n diffusions in a func- 
tional block (excluding the number of substrate contacts). 
In this fashion, the number of npn elements can be deter- 
mined. The counting of independent ROX shapes indicates 
the number of npn elements. For each independent npn, 
an npn strength parameter can be evaluated similar to the 
above expression for the pnpn. This will be a function of 
the current gain of the npn and the substrate contact re- 
sistance. 

[° 131 ] In a CADENCE environment, the number of instances of a 
given p-cell can be counted. The npn can be counted by 
evaluation of the type of p-cells and the number of those 



p-cells. For example, it is possible to evaluate the number 
of instances of NFET transistors. That will be the number. 
To evaluate the density of these elements, the total num- 
ber can be divided by the total area of that functional 
block of circuits. 
[01 32] Counting the pnpn Density 

[0133] Knowing the number of pnp devices, it is possible to de- 
termine if there is a corresponding npn in the region of 
the pnp. Conversely, knowing the number of npn ele- 
ments, it is possible to determine if there is a correspond- 
ing pnp in the region of the npn. In the first case, if an n 
diffusion ROX opening is adjacent to the pnp device, then 
a pnpn is formed. Conversely, if a ROX opening p in an 
NW with BP, a p-diffusion exists. Then a pnpn is formed 
and the number can be identified. In a CADENCE environ- 
ment, p-cells with pnp elements which are adjacent to p- 
cells with NPN elements, then a pnpn can be identified. 

[° 134 ] It should be understood by one of ordinary skill in the art 
that, in all the above cases, a filter distance can be applied 
if the relative spacing between the pnp and a adjacent 
ROX or an npn and an adjacent p diffusion is significant, it 
can be eliminated (e.g., spatial filtering is possible to sim- 
plify calculations truncating very weak F factors). The F 



factor can be evaluated in a simplified case with an initial 
guess of the currents, or the elimination of the resistor 
values for a first cut, followed by a refined analysis. 

[0 1 35] i n jection-to-Circuit Block Placement 

[0136] From the above circuit blocks, the number of elements 
pnpn, and npnp can be evaluated. Additionally, these 
densities can be a distribution where there is a distribu- 
tion of different elements of strength F from the above 
expression (e.g., N (F), N (F), N (F)). 

npn pnp pnpn 

[0137] Now, assuming an injector at a vector position R, and a 
collecting structure at vector position r , the relative dis- 
tance between the location of the injecting source and the 
collecting circuit (i) is designated as a vector R -r . The 
relative distance between the location of the injecting 
source and the collecting circuit j is designated as a vector 

R -r . The relative distance between the location of a first 

j 

circuit at (i) and the second circuit (j) is designated as a 
vector r - r . A spatial function can be established which is 

i j 

the relative strength of injection source at R at the posi- 
tion (i). Calculation of the functional which is the density 
of pnpn elements as a function of the strength factor of 
each pnpn elements can be evaluated, and a "chip sec- 
tor"can be evaluated, as discussed. 



[0138] a Cost Function is then created where: 

[0139] -iftheN (F >1) of a first chip region is greater than the 

pnpn 

N (F >1) of a second chip region then the first chip re- 

pnpn 

gion is moved farther away from the injection region of a 
chip. 

[0140] .|f t he N (F< 1) of a first chip region is greater than the 

pnpn 

N (F< 1) of a second chip region then the first chip re- 

pnpn 

gion is moved closer to the injection region of a chip. 
[0141] -iftheN (F) = 0 for a first chip region, then move clos- 

pnpn 

est to the injection region of a chip. 

[0 1 42] R e fi ne d Analysis 

[0143] | n the case the evaluation requires better definition, the 

injection source magnitude can be added to the functional 
based on the initial position. The injection current can be 
assumed to be of strength 

[0144] | =[ | ( R ) ) /| R - r | 2 ] exp - {| R - r |/(Dt) 1/ 

injection inj i i 

)} 

[0145] Letting the value of I = I , the functional F can be 

injection RW 

calculated for each pnpn in a given chip region. In this 
case, after the N are identified, the current term can 

pnpn 

be placed into the analysis to evaluate N (F). In this 

pnpn 

fashion, the initial guess can be modified with the current 



term, assuming it is injection into the well resistor ele- 
ment. In this fashion, the cost function block can be re- 
evaluated taking into the relative account of the circuit (i) 
to the injection source. 

[0 1 46] L 0ca i Re- Optimization of the Local C ircuit W hen F> 1 . 

[0147] | n t he case that the functional block contains elements 
whose initial state is F > 1 after placement of the func- 
tional block, it is possible to perform a second re- 
optimization of the local elements by changing the spac- 
ing of well contact and substrate contacts. In this case, 
the circuit is now fixed and the N (F >1) elements in 

pnpn 

the block are then re-optimized such that N pnpn (F >l)-> 
N pnpn (F< 1). This is achievable by moving the substrate 
and well contacts for these specific elements to reduce the 
F factor. In this case, the number of potential latchup sen- 
sitive circuits can be reduced, or eliminated. 
[0 1 48] Secondary Source Evaluation 

[0149] | n the case that there is a high density of pnpns where (F 
>1), the interaction between these can lead to a sec- 
ondary effect. In this fashion, a secondary source term can 
be created where the summation of elements (j) can influ- 
ence the element (i) where the current 



[0150] | = sum (for all j where F >1) [ I (j) 

Secondary (i) inj 

[° 151 ] (R))/l r -r | 2 ]exp-{l r. -r. | / ( Dt ) 1/2 ) } 
j ' j ' 

[0152] | n t his fashion, the secondary elements can contribute to 
the IRW and the evaluation of F can be re-evaluated to in- 
clude local secondary sources. As a result, these terms 
can be also re-optimized based on the secondary factors 
as well. 

[0153] Optimization Based On Chip Temperature 

[0154] The placement of the chip segments with N (F) are 

pnpn 

placed based on a functional solely based on latchup sen- 
sitivity and relative location to a region of concern. 

[° 155 ] It should be understood that this method can be applied 
to a region of a chip whose temperature is high. If the 
metric of interest includes temperature, the chip tempera- 
ture influences the bipolar current gain of the parasitic el- 
ements. In this fashion, the geometric placement may be 
chosen based on peak temperature at location R . 

[0156] According to the methodology of the invention, the F 
function is calculated based on the temperature field at 
the different spatial location. In this fashion, chip book 
placement could be optimized based on relative location 
to peak temperature and the functional N (F >1 @ T 

pnpn 



). Also, temperature can be used to correct the accuracy of 
the F factors, or it can be the variable to decide placement 
relative to a peak temperature. 
[0157] Figure 8 is a flow chart showing steps of the invention. 
The steps of the invention may be implemented on com- 
puter program code in combination with the appropriate 
hardware. This computer program code may be stored on 
storage media such as a diskette, hard disk, CD-ROM, 
DVD-ROM or tape, as well as a memory storage device or 
collection of memory storage devices such as read-only 
memory (ROM) or random access memory (RAM). Figure 8 
(and Figure 9) may equally represent a high level block di- 
agram of the system of the invention, implementing the 
steps thereof. 

[0158] Figure 8, more specifically, shows a method for the analy- 
sis of placement based on the pnpn density relative to in- 
jection sources, strength based on the functional block. 
Using the latchup density factor, the details of the propa- 
gation process can be simplified for global placement of 
the functional blocks. This avoids addressing all the inter- 
coupling issues. More specifically, at step 805, the func- 
tion block is identified. At step 810, the circuit function is 
identified. At function block 815, npn, pnp, pnpn density 



is evaluated. At function block 820, the latchup sensitivity 
of the elements (strength parameters) is evaluated. At 
function block 825, the latchup density functionals Nnpn, 
N , N are defined. At function block 830, the circuit 

pnp pnpn 

block density is defined. The flow of Figure 8 quantifies 
the density circuit functions of circuit densities and de- 
fines the latchup density functions by, for example, taking 
the shapes and counting and building distribution func- 
tions. Figure 9 is a methodology of an embodiment for re- 
optimization of the chip functional block placement to 
optimize chip performance and minimize latchup sensitiv- 
ity according to the teachings of the invention. From the 
latchup density function, the placement of the functional 
blocks can be chosen relative to injection sources. This 
can be addressed using the spatial distance from injection 
virtual levels that can be placed on injection sources. The 
placement of the book type or functional block can be ad- 
dressed and integrated into the timing issue. 
[0159] | n function block 905, the chip performance is evaluated. 
In function block 910, the injection source is identified. In 
function block 915, the functional block identified. In 
function block 920, the global latchup of injector- 
to-block distance (relative positioning) and functional 



block latchup functional is evaluated. In function block 
925, the form factors and placement are evaluated. In 
function block 930, a determination is made as to whether 
this placement provides a sufficient cost factor. If yes, 
then the process ends at "E". If the placement does not 
provide a sufficient cost factor, then in function block 
940, the form factor and placement are changed. Then the 
process then reverts back to function block 905 to again 
provide an evaluation based on the changed placement 
and form factor. 

[0160] since latchup can propagate across functional blocks, the 
form factor and size of the circuit blocks are used for the 
development as well as the latchup density function. Form 
factors (e.g., decoupling capacitors) can be used to opti- 
mize the floor planning.While the invention has been de- 
scribed in terms of embodiments, those skilled in the art 
will recognize that the invention can be practiced with 
modification within the spirit and scope of the appended 
claims. For example, the invention can be readily applica- 
ble to bulk substrates. 



